A new quantitative trait locus (QTL), Hd9, controlling rice heading date was detected in a BC 4 F 2 backcross population derived from a cross between a japonica rice variety, Nipponbare, as the recurrent parent, and an indica variety, Kasalath, as the donor parent. Hd9 was precisely mapped on the short arm of chromosome 3 as a single Mendelian factor; progeny testing of BC 4 F 3 lines derived from BC 4 F 2 plants revealed that it cosegregated with the RFLP marker S12021. In addition, a nearly isogenic line (NIL) of the target QTL, NIL(Hd9), in which a small chromosomal segment of Kasalath including Hd9 was substituted into the genetic background of Nipponbare, was selected from the progeny based on marker-assisted selection. Days to heading of NIL(Hd9) increased under long-day and natural field conditions at Tsukuba, but remained almost the same under short-day conditions as that of the isogenic control, Nipponbare. Analysis of F 2 populations derived from crosses between NIL(Hd9) and either NIL(Hd1) or NIL(Hd2) revealed that the phenotypic gene effect of Hd9 was additive to that of Hd1 and Hd2. This result suggests that no epistatic interaction was involved. Based on these results, we discussed the biological function of Hd9.
Introduction
Heading date in rice is a typical quantitative trait with complex inheritance and is controlled by many genes (Yokoo et al. 1980 , Yamagata et al. 1986 , Sato et al. 1988 , Ichitani et al. 1998 . Genetic analyses of rice heading date have an impact on the understanding of flowering in shortday plants and on the improvement of rice varieties. During the 1990s, quantitative trait locus (QTL) analyses had enabled us to identify the factors controlling the heading date in rice. Many QTLs have been identified by using various types of mapping populations, such as F 2 , recombinant inbred lines (RILs), and backcross inbred lines (BILs) , Xiao et al. 1995 , Lin et al. 1996 . Our group reported that 5 QTLs, Hd1 to Hd5, controlled heading date in an F 2 population derived from a cross between a japonica variety, Nipponbare, and an indica variety, Kasalath . We found that the total phenotypic variation could not be explained by the 5 QTLs and suggested the involvement of other genetic factors in this cross combination. We later identified 3 additional QTLs for heading date through the analysis of BILs (BC 1 F 5 ) derived from the same cross combination . Most recently, we have detected another new QTL, Hd6, by using an advanced backcross progeny from the same cross combination . These results clearly suggest that there is a limit to the use of QTL analysis of a single primary population, such as F 2 or RILs, and that the use of an advanced backcross progeny is essential for a better understanding of the factors controlling complex traits such as heading date. We have conducted fine mapping of most of the detected QTLs as single Mendelian factors, and have clarified their biological functions by using nearly isogenic lines (NILs) of the QTLs , Monna et al. 2002 .
In this paper, we report a new QTL for heading date, designated as Hd9 (Heading date 9), which was detected by the use of an advanced backcross progeny derived from a cross between Nipponbare and Kasalath. We mapped Hd9 on the short arm of chromosome 3 as a single Mendelian factor. Furthermore, we developed NIL of Hd9 by markerassisted selection (MAS). We used the NIL to investigate the daylength response of Hd9. We also analyzed epistatic interactions between Hd9 and 2 photoperiod sensitivity genes, Hd1 and Hd2, which are located on chromosome 6 and chromosome 7, respectively. 
Materials and Methods

Plant materials and trait evaluation
Plant materials used in this study were developed from an advanced backcross progeny derived from a cross between Nipponbare as the recurrent parent and Kasalath as the donor parent . MAS was used to select appropriate materials. Restriction-fragment-length polymorphism (RFLP) markers covering every rice chromosome were used to determine the status of substitution of chromosome segments in our selection. We selected a BC 4 F 1 plant (BC 4 F 1 -77-2), in which only a small chromosomal segment on the short arm of chromosome 3 had remained heterozygous, while most of the other chromosomal segments, including 9 QTLs for heading date , were homozygous for the Nipponbare alleles. Self-pollinated progeny (BC 4 F 2 ) of the selected plant was used as the population for QTL analysis. NIL(Hd9), in which a small chromosomal region of Kasalath containing Hd9 was substituted into the Nipponbare genetic background, was selected from the BC 4 F 2 progeny. Two F 2 populations derived from cross combinations between NIL(Hd9) and either NIL(Hd1) or NIL(Hd2) were produced to investigate epistatic interactions between the 2 QTLs. We had previously developed both NIL(Hd1) and NIL(Hd2) .
The BC 4 F 2 and F 2 populations (96 plants each) were cultivated in a paddy field at the National Institute of Agrobiological Sciences, Tsukuba, Japan. Days to heading (defined as the number of days required from sowing to emergence of the first panicle) was scored for all the segregants. The BC 4 F 3 progeny of each BC 4 F 2 plant was cultivated in a paddy field as described above. The genotype of Hd9 in each BC 4 F 2 plant was determined based on the segregation of days to heading in the progeny lines. BC 4 F 2 , F 2 and BC 4 F 3 progenies were cultivated during the normal growing season according to standard practice.
RFLP and cleaved amplified polymorphic sequence (CAPS) analyses
RFLP analysis was performed according to the procedures described by Harushima et al. (1998) . Seven RFLP markers on the short arm of chromosome 3 were used to determine the genotypes of the BC 4 F 2 plants. CAPS analysis was used to determine the genotypes of 3 QTLs, Hd1, Hd2, and Hd9, for all the F 2 plants, in order to investigate epistatic interactions between 2 QTLs. CAPS analysis was performed according to the method of Monna et al. (2002) . In brief, a small piece of rice leaf was smashed in a 1.5-ml tube containing 300 µl of 100 mM Tris/HCl, 1 M KCl, and 10 mM EDTA. Crude DNA in the centrifuged supernatant was precipitated by isopropanol, and the pellet was redissolved in 50 µl H 2 O. One microliter of this DNA extract was used as a template for PCR amplification. A volume of 10 µl PCR reaction mixture contained 1 µl of template DNA, 10 PCR buffer, 25 mM MgCl 2 , 2 mM each of dNTP, 2 µl of 50 % glycerol, 0.1 µl of 5 unit Taq DNA polymerase, 0.2 µl of 20 pM solutions of both primers, and 3.7 µl H 2 O. Conditions for the amplification were as follows: 30 cycles of 30 s of denaturation at 94°C, 1 min of annealing at 60°C, and 1 min for extension at 72°C. To detect polymorphism, the amplified product was digested with an appropriate restriction enzyme for 3 h to overnight and was electrophoresed on 2 % agarose gel.
Three CAPS markers, S2539, C213, and P44A12M, were used for the genotyping of Hd1, Hd2, and Hd9, respectively. For Hd1, the DNA of each plant was amplified with a pair of primers: S2539U (5′-GGACTGAGATGGAATGT GCT-3′) and S2539L (5′-GTAGAGTGATGACAAAAT GACAA-3′). The amplified product was digested with HhaI and separated by agarose gel electrophoresis. For Hd2, the primers C213U (5′-GACCGGAATGACCACAAGCA-3′) and C213L (5′-ATCGAATCGCCTCAAACAAGC-3′) and restriction enzyme EcoT14I were used. Marker P44A12M was developed through the map-based cloning of Hd9 and was found to be tightly linked to Hd9 (unpublished data, Fuse, Doi and Yano). We used the primers P44A12MU (5′-AAAGAAAAACCCTGACAAGT-3′) and P44A12M L (5′-TGAAAGCAACAAACATCCTT-3′) and restriction enzyme AluI.
QTL analysis and linkage mapping
We performed QTL analysis of the BC 4 F 2 population by using Mapmaker/QTL (Lander and Botstein 1989, Lin- We used MAPMAKER/EXP 3.0 for the linkage mapping of the Hd9 region (Lander et al. 1987) , and progeny testing to determine the genotype of Hd9. As a result, we selected 9 plants in which recombination occurred in the vicinity of Hd9, based on the genotype of RFLP markers. We also selected 3 plants with no recombination in the region flanking Hd9 (homozygous for Nipponbare, homozygous for Kasalath, and heterozygous) as genotype controls in the progeny testing. The self-pollinated progeny (BC 4 F 3 : 22 plants) of each of the 12 plants was cultivated in a paddy field and scored for days to heading.
Analysis of epistatic interaction
To detect epistatic interactions between Hd9 and Hd1 and between Hd9 and Hd2, we cultivated F 2 populations derived from a cross between NIL(Hd9) and NIL(Hd1) and between NIL(Hd9) and NIL(Hd2) in a paddy field. The genotype of each QTL was assigned to the genotype of the closest marker locus to it; hence, S2539 for Hd1, C213 for Hd2, and P44A12M for Hd9. Averages of days to heading in the 9 classes of genotype combinations were compared by 2-way ANOVA with SAS GLM Proc (SAS Institute 1988).
Daylength treatment test
NIL(Hd9) and Nipponbare (isogenic control) were cultivated in growth chambers under different day-length conditions at 28°C for 12 h and 24°C for 12 h. Two daylength conditions, short (10 h, SD) and long (13.5 h, LD), were used. The 2 lines were sown on 22 April 1998, at the National Institute of Agrobiological Sciences, Tsukuba, Japan and were cultivated under natural daylength conditions. 
Results
Detection of Hd9
In the self-pollinated progeny (BC 4 F 2 ) derived from BC 4 F 1 -77-2, days to heading showed a continuous variation with 10 days' range (Fig. 1) . QTL analysis revealed that 1 QTL, designated as Hd9, was involved in this variation (Table 1) . Hd9 was detected near the RFLP marker S12021 on chromosome 3 and the Kasalath allele increased days to 2) P value refers to the probability of the association between a QTL and the closest marker locus in 1-way ANOVA. 3) Log likelihood value (LOD), percentage of variance explained (PVE), and additive (a) and dominance (d) effect of Kasalath allele were calculated by MAPMAKER/QTL ver 1.1. 
Genotypes of RFLP markers are represented by N (Nipponbare homozygous), K (Kasalath homozygous) and H (heterozygous), respectively. As R1468B was a dominant type marker (presence/absence), D denotes genotypes N and H together. 2) Genotypes of Hd9 were estimated based on the segregation pattern for days to heading in the selected F 3 lines.
heading. Hd9 explained about 45 % of the total phenotypic variation in this population (Table 1 ). The additive effect of the Kasalath Hd9 allele was 2.7 days. BC 4 F 2 plants were classified into 3 classes, homozygous for Nipponbare and Kasalath alleles and heterozygous, based on the genotype of the tightly linked RFLP marker S12021 (Fig. 1) . Days to heading of plants homozygous for Nipponbare was relatively reduced compared with that of the plants homozygous for Kasalath (Fig. 1) . Heterozygous plants exhibited an intermediate value of days to heading (Fig. 1) .
Fine mapping of Hd9
In the progeny testing, 9 BC 4 F 3 lines (22 plants for each line) were grouped into 3 classes based on the variation in days to heading: 1 line, relatively early heading (117-120 d); 4 lines, late heading (119-125 d); and 4 lines, wide variation from early to late heading (117-124 d) ( Table 2) . These 3 phenotypic classes undoubtedly corresponded to the 3 Hd9 genotypes, homozygous for the Nipponbare allele, homozygous for the Kasalath allele, and heterozygous, respectively (Table 2) . Based on the genotype data of Hd9, together with the genotype data of RFLP markers, Hd9 was precisely mapped as a single Mendelian factor between C721 and R1468B on the short arm of chromosome 3 (Fig.   2) . No recombination was observed between Hd9 and the RFLP marker S12021 (Fig. 2, Table 2 ).
Characterization of Hd9
Fig . 3 shows the genotype of NIL(Hd9). A small Kasalath chromosomal segment including the Hd9 region was substituted into the Nipponbare genetic background. Table 3 shows the days to heading of NIL(Hd9) and Nipponbare under SD, LD, and NF conditions. Under SD conditions, days to heading of both was almost the same. Under LD conditions, days to heading of NIL(Hd9) was 96.3 days, an increase of about 7 days compared with that of Nipponbare. Under NF conditions, that of NIL(Hd9) was 122.2 days, an increase of about 4 days. These results clearly indicate that Hd9 was located on the short arm of chromosome 3 (Table 1, Fig. 1 ). The RFLP linkage map on the left was constructed from an F 2 population derived from Nipponbare and Kasalath (Harushima et al. 1998) . The linkage map on the right was constructed in this study. Number of recombinant BC 4 F 2 plants between adjacent RFLP markers are shown on the left. Names of RFLP markers are shown on the right. . White: segments derived from Nipponbare; black: segments derived from Kasalath. Table 3 . Days to heading of the NIL(Hd9) and its isogenic control, Nipponbare, under short-daylength (SD), long-daylength (LD), and natural field (NF) conditions Lines SD (10 h) LD (13.5 h) NF (mean ± SD) 1) (mean ± SD) 1) (mean ± SD) 1) NIL(Hd9) 5 5 . 3± 0.9a 96.3 ± 5.0a 122.2 ± 0.8a Nipponbare 54.8 ± 0.6a 89.0 ± 2.9b 118.8 ± 1.3b 1) Means within a column followed by different letters are significantly different at P ≤ 0.05 by t test.
Additive gene effects of Hd9 to Hd1 and Hd2
To detect epistatic interactions between Hd9 and Hd1 and between Hd9 and Hd2, we compared the differences among the average days to heading of 9 genotype classes under NF conditions (Fig. 4) . The effect of the Kasalath allele of Hd9 (increasing days to heading) was clearly observed in the 3 genotype classes, homozygous for Nipponbare and Kasalath and heterozygous at Hd1 or Hd2 (Figs.  4A, B) . Thus, digenic interactions were not detected in either combination (P = 0.1044 and P = 0.6453).
Discussion
We previously detected 5 QTLs (Hd1-Hd5) for rice heading date in an F 2 population from a cross between Nipponbare and Kasalath . However, since these QTLs could not explain all of the variation in days to heading in the F 2 population, it was suggested that additional QTLs for heading date could be involved. We later identified 4 additional QTLs . In this study, we identified another new QTL, Hd9, controlling heading date in a BC 4 F 2 population. Some of the previously unexplained phenotypic variation in the F 2 population could be explained by Hd9. This study demonstrates the validity of using an advanced backcross progeny with a more uniform genetic background in the comprehensive genetic analysis of quantitative traits.
Why could we find Hd9 in this study but not in a primary F 2 population? In our previous study, the chromosomal regions of the whole genome were segregated simultaneously in the primary F 2 population from a cross between Nipponbare and Kasalath ). In the F 2 population, the phenotypic variation caused by the segregation of the Hd9 locus might not be distinguishable from the large phenotypic variation derived from the segregation of 2 major QTLs, Hd1 and Hd2 (these 2 QTLs explained 80.9 % of the total phenotypic variance). When the regions at Hd1 and Hd2 were made homozygous for Nipponbare, in this study, the allelic difference in Hd9 could be detected.
So far, in other studies, 5 QTLs for heading date have been identified on chromosome 3 , Lin et al. 1996 , Xiao et al. 1995 . Comparison of the chromosomal positions of Hd9 and these 5 QTLs suggests that Hd9 is the same locus as QHD3a , dth3-1 (Xiao et al. 1995) , hd3 (Lin et al. 1996) , dth3 (Xiao et al. 1996) , dth3.1 (Xiao et al. 1998) , and dthA-3a (Aida et al. 1998 . Based on the linkage map data, however, it is difficult to confirm the presence of an allelic relationship among these QTLs and further analyses, including cloning of genes at these QTLs, will be required to clarify this aspect.
The gene effect of the Kasalath allele at Hd9 was observed under the LD and NF conditions, but not under the SD conditions (Table 3 ). This type of daylength response has been reported for Hd6, a photoperiod sensitivity gene . A clear epistatic interaction of Hd6 with Hd2, another photoperiod sensitivity gene, was detected . Epistatic interactions were also observed among other photoperiod sensitivity QTLs, Hd1, Hd2 and Hd3 . Based on the results obtained from the daylength treatment test in this study, Hd9 is likely to be involved in photoperiod sensitivity. However, it is noteworthy that the phenotypic effect of Hd9 was additive to that of Hd1 and Hd2 (Fig. 4) . Thus, the biological function of Hd9 can not be defined clearly. We propose 2 hypotheses for the function of Hd9: 1) A gene involved in photoperiod sensitivity whose genetic control pathway is independent of that of Hd1 and Hd2. 2) A gene involved in other characters than photoperiod sensitivity, such as basic vegetative growth duration or requirement for high tempera- Fig. 4 . Differences in mean days to heading for 9 genotype classes in 2 F 2 populations derived from crosses between (A) NIL(Hd1) and NIL(Hd9), and (B) NIL(Hd2) and NIL(Hd9). F 2 populations were cultivated under natural field conditions. Days to heading is indicated as mean value with standard deviation. Genotypes of QTLs are represented by those of the closely linked marker loci S2539 (Hd1), C213 (Hd2), and P44A12M (Hd9). N: homozygous for Nipponbare allele; K: homozygous for Kasalath allele; H: heterozygous.
ture. Nipponbare, the genetic background of NIL(Hd9), harbours 2 major photoperiod sensitivity genes, Hd1 and Hd2 . Under the SD conditions, since photoperiod sensitivity exerts an epistatic effect on other factors and promotes heading , it is difficult to characterize the function of Hd9 under SD conditions. To characterize its biological function more comprehensively, NILs of Hd9 in a genetic background without photoperiod sensitivity should be developed. Lin et al. (2000) have developed a NIL(Hd1/Hd2), lacking photoperiod sensitivity. Developing the genotype NIL(Hd1/Hd2/Hd9) and analyzing its daylength response would be informative in clarifying the function of Hd9.
We mapped Hd9 as a single Mendelian factor, which enabled us to proceed to the map-based cloning of Hd9. Recently, 2 photoperiod sensitivity QTLs, Hd1 and Hd6, have been cloned by using a map-based strategy , Takahashi et al. 2001 . Identification of the molecular structure of Hd9 would be an alternative way to analyze its function.
